Abstract: A versatile and simple methodology for the creation of mixed monolayers on glassy carbon (GC) surfaces was developed, using an osmium bipyridyl complex and anthraquinone as model redox probes. The work consisted in the electrochemical grafting on GC of a mixture of mono-protected diamine linkers in varying ratios which, after attachment to the surface, allowed orthogonal deprotection. After optimisation of the deprotection conditions, it was possible to remove one of the protecting groups selectively, couple a suitable osmium complex and cap the residual free amines. The removal of the second protecting group allowed the coupling of anthraquinone. The characterisation of the resulting surfaces by cyclic voltammetry showed the variation of the surface coverage of the two redox centres in relation to the initial ratio of the linking amine in solution.
Introduction
The covalent modification of electrode surfaces has been one of the central aspects in the development of electrochemical devices for the last forty years, since it represents a powerful tool for improving the stability and lends new properties to the modifed surfaces. Extensive reviews are available, describing the methodologies for the creation of organic layers covalently bonded to various electrode materials.
1 Amongst these techniques, the electrooxidation of primary diamines at glassy carbon (GC) surfaces has received considerable attention in recent years 2 and, applied in conjunction with solid-phase synthesis techniques, allows the linking of different redox centres to the electrodes. 3 A step forward in the modification of electrodes is represented by the creation of 2 mixed monolayers. The development of methodologies for the creation of mixed monolayers has been the focus of research in various fields, from the creation of semiconductors to organic electronics and sensors. 4 The appeal of mixed monolayers resides in the possibility of assembling multiple components in a bottom-up approach, with control over their organisation to the molecular level. 5 Currently most of the studies focus on mixed SAMs on gold followed by the electrografting of aryl diazonium salts.
The production of mixed SAMs has been achieved through several techniques: electrochemical oxidation of thiols followed by a replacement reaction 6 or selective reduction of adsorbed thiols 7 and electrochemical control, 8 although binary monolayers of thiols are commonly obtained by coadsorption. 9 Usually, the purpose of mixed SAMs is the creation of surfaces where a linker is surrounded by a diluting compound. Gooding et al. published a series of papers describing mixed SAMs in which ferrocene or anthraquinone derived norbornylogous bridges along with alkyl chains of different length as diluents, were used to study the behaviour of redox probes within the electrical double layer. 10 Lee et al. recently reported the modification of gold surfaces with mixed
SAMs of 1-undecanethiol and 2-bromoisobutylate terminated undecanethiol, as initiator platforms for the polymerisation of pOEGMA brushes modified with biotin for the binding of proteins.
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The use of diazonium salts extends the possibility of applying mixed monolayers to a wide range of materials, including carbon. Gooding et al. first reported the electrografting of mixtures of diazonium salts on gold in 2005, 12 and since then they have studied the mechanism of grafting and the properties of the mixed layers both on gold and glassy carbon. 13 They used this technique for the creation of surfaces modified with oligo(phenylethynylene) molecular wires diluted with poly(ethylene-glycol). The molecular wire provided a rigid anchoring group for the covalent attachment of horseradish peroxidase, with good electron transfer kinetics. 14 Further work involved the use of mixtures of molecular wires alternated with aryl carboxylic acid groups, whose role was both to anchor and stabilise a glucose oxidase enzyme and orient the active site toward the electrode at the electrode surface. 15 In both cases the direct electron transfer between enzyme and electrode was investigated. Most recently the combination molecular wires/poly(ethyleneglycol) was applied to the creation of an electrochemical immuno-biosensor. 16 In separate studies, Downard et al. reported the formation of mixed monolayers by sequential electrografting of diazonium salts and the use of a bulky protecting group on the first modifier allowed enough space for the second group to attach to the surface. 17 Our group reported a different approach to the creation of mixed monolayers. A monolayer of 3 N-Boc-ethylenediamine was formed by oxidation of the free primary amine and removal of the protecting group. The resulting surface was modified with three different redox probes by sequentially dipping the electrode in three different coupling solutions each containing a single component. 18 Alternatively, mixed monolayers of diamines could be obtained by simultaneous electrografting of two amines in solution in varying relative ratios. 19 The use of mixed monolayers with two or more components presents many advantages in the development of biosensors: enzymes can be anchored to the surface and surrounded by redox mediators to improve the mediated electron transfer and their orientation, density and distance to the surface could be regulated, leading an optimal response from the system. Moreover the approach could be used to create models that mimic the environment of the active site of enzymes by surrounding redox mediators with functionalities that could affect their physical and electrochemical properties. However, in order to create such carefully engineered surfaces it is crucial that the mixed monolayers can be created both reliably and predictably, and although it is possible to anticipate a number of practical issues that might need to be overcome in order that such reliability and predictability are achieved, to date no studies have been undertaken to examine the practical difficulties or to provide solutions for them. In this paper we describe fundamental studies directed at just such an objective and demonstrate that with careful experimental techniques predictability and reliability is achievable.
Here we report the development of a methodology to create mixed monolayers at glassy carbon surfaces in a reliable and reproducible way, using the oxidation of primary amines and solid phase synthesis as the main tools. In the model studies reported here we used two different redox mediators, an osmium bipyridyl complex and an anthraquinone, to measure the surface coverage electrochemically. These two redox groups are of significantly different size, a common situation in the design of mixed layers for particular applications, and a situation that creates its own problems as we shall see.
Osmium complexes have found wide application as redox mediators in biosensing, given the easily tunable potential of the Os 2+/3+ couple by changing the nature of the ligands and their higher stability compared to other metal complexes. 20 Moreover the steric bulk of the metal complex appears to prevent its adsorption on graphite surfaces, a process that is often unavoidable with other redox mediators such as organic dyes and quinones. Most of the literature concerning the use of osmium complexes as redox mediators involves their embedding in polymeric matrices or hydrogels, where one of the ligands is cross-linked in the polymeric backbone in order to avoid leakage of the species. 21 Recently the focus has shifted to the development of methods for the 4 covalent attachment of the complexes through SAMs or reduction of diazonium salts.
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Results and discussion
Synthesis and characterization of bis-(2,2'-bipyridyl)(4-(pyridin-4-yl)butanoic acid)chloride osmium (II) hexafluophosphate (5)
The synthetic pathway for osmium complex 5 is presented in Scheme 1. The precursor Os(bpy) 2 Cl 2 (3) was synthesised following a literature procedure. 20 Pyridine ligand 1 functionalised with a butanoic acid moiety at C4 was synthesised by reacting 4-vinylpyridine with diethylmalonate, followed by hydrolysis and decarboxylation under acidic conditions. 23 In order to avoid chelation of the Os (II) by the carboxylate group, compound 1 was converted to the methylester derivative 2. Complex 4 was obtained following an adapted literature procedure. 20 The hydrolysis of the ester 24 gave complex 5, suitable for coupling to a layer of amines on the electrode surface.
Scheme 1 Synthesis of bis-(2,2'-bipyridyl)(4-(pyridin-4-yl)butanoic acid)chloride osmium (II) hexafluophosphate (5) 5
The osmium bipyridyl complex 5 was fully characterised and recrystallised by slow evaporation from a DCM/MeOH solution. The structure of the complex was confirmed by X-Ray diffraction. The coordinates of the atoms, determined through the crystal structure of complex 5, were transferred to the software Gaussian 9.0. Gaussian 9.0 analysed the crystallographic coordinates, using the DFT hybrid method B3LYP with the standard 6-31G basis set for the organic components of the complex while the basis set given for osmium was LanL2DZ, to create a computational model of the complex, where its dimensions could be measured: 25 considering the pyridyl complex as a sphere characterised by diameter 11.5 Å, with a chain giving the overall length of the complex as 16.4 Å (Figure 1) . Figure 2b that the coverage of osmium comples varies only 3-fold for a 10 3 -fold variation in concentration of the HDA-linker. Clearly the relative coverages of the two amines on the surface does not follow the relative concentrations of the two amines in solution. This is presumably due to differences in the rates of attachment of the two amines to the GC surface: attachment of HDA-Boc is presumably favoured over 1-BA, hence the unexpectedly high amount of osmium complex even at low percentages of HDA-Boc in solution. 27 The surface coverages measured for complex 5 fall within the range expected given the size of the complex determined by theoretical calculation with a coverage of 16 -18 pmol cm -2 consistent with model b above in which once coupled to the surface the complex hinders subsequent coupling to amines within its radius of gyration. This also explains why a significant amount of immobilised complex 5 is found even at the lowest (0.1%) linker ratio in solution. The coverage for a monolayer of HDA, determined by XPS, is reported to be  = 1 nmol cm -2 , 3 this is 50 times bigger than the calculated surface coverage for a monolayer of complex 5, and means that even at 10% HDA on the surface, if uniformly distributed, a full monolayer of complex 5 can still be achieved.
It is clear from comparison of  values in
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Mixed monolayers: diamine linker/ diamine linker
The modification of the GC surface with two redox components, requires a step -wise approach:
two linkers must be attached to the surface and selectively reacted with the molecules of interest.
It is well known from peptide synthesis that the use of orthogonal protecting groups allows the control of the site of elongation of a peptidic chain, by controlling the conditions, basic or acidic, of removal of the protecting groups. 28 Considering this, two mono protected diamines were chosen:
mono-N-Boc-ethylenediamine (EDA-Boc) and mono-N-(6-aminohexyl)-2,2,2-trifluoroacetamide (HDA-tfa): the Boc group can be easily removed in acidic conditions, while tfa requires mild basic conditions. To test this approach initially, grafting of the two linkers to form a monolayer was performed by chronoamperometry from 20 mM solutions of the two components in different ratios in CH 3 CN, starting from 100% of HDA-tfa and increasing the fraction of EDA-Boc up to 99%.
After the removal of tfa, leaving the EDA-Boc unaltered, complex 5 was coupled to the free amine groups on the HDA linkers CVs were then recorded and the corresponding surface coverage for the osmium complex calculated. Next the the Boc group was removed, and the free EDA then coupled to anthraquinone-2-carboxylic acid. CVs were recorded for anthraquinone and the surface coverages calculated, see SI for details.
These experiments showed that, although the approach is broadly successful with the coverage of osmium complex increasing and the coverage of anthraquinone decreasing as the ratio of HDA-tfa to EDA-Boc in the initial grafting solution increases there was still a significant amount of anthraquinone attached to the surface even when using 100% HDA-tfa. This clearly illustrates the problem when trying to attach groups of different steric bulk to the surface. Thus although, as shown in the experiments described above the osmium complex blocks attachment of further osmium complexes to the HDA amine it does not prevent the smaller anthraquinone groups from attaching to the same HDA amines.
To overcome this problem we introduce a further step in which acylation is used to cap any residual HDA amino groups before the removal of the Boc group, Scheme 3. We also found, during the course of these experiments that much more reproducible results could be obtained using glassy carbon electrodes with a meniscus contact to the solution, which eliminates in insulating material around the GC rod, rather than conventional GC electrodes potted in glass (see SI). The meniscus contacting method to the solution was therefore used in all of the following studies. 
Conclusions
We have described a methodology for the creation of mixed monolayers on GC with a sequential approach, using the electrochemical oxidation of amines and solid phase synthesis techniques. We have shown that it was possible to control the relative amount of two redox probes at the surface by varying the relative amount of the respective amine linkers in solution. The optimisation of the method revealed that many factors have to be considered in order to obtain reproducible and reliable results. The structure of the redox probes has a great impact on the surface coverage values since they can hinder the attachment of similar molecules (osmium complex) or determine non-covalent adsorption (anthraquinone). The setup of the working electrode is an important factor to consider: since the material can adsorb on the sides of the GC rod giving an overestimation of the surface coverage, using the meniscus configuration allowed us to characterise only the desired modified surface. The solid phase synthesis approach applied had to be adapted to the system developed: instead of the classical Boc/F-moc orthogonal protecting groups, the combination Boc/tfa was adopted, in order to avoid interferences by the possible non covalent adsorption at the GC surface of the F-moc group, characterised by a flat aromatic structure. The deprotection conditions were optimised and through the addition of an acylation step, residual free amines left after the first coupling step were capped, procedure routinely applied in solid phase peptide synthesis. The methodology here presented is a simple approach to the controlled creation of mixed monolayers and could be applied to different carbon materials to create much more complex systems for the development of biosensors and biofuel cells.
Experimental
Materials, experimental procedures for solution and solid phase synthesis and characterisation of the compounds are reported in the Supporting Information.
